To understand the RNA expression in response to acid stress of Helicobacter pylori in genomic scale, a microarray membrane containing 1,534 open reading frames (ORFs) from strain 26695 was used. Total RNAs of H. pylori under growth conditions of pH 7.2 and 5.5 were extracted, reverse transcribed into cDNA, and labeled with biotin. Each microarray membrane was hybridized with cDNA probe from the same strain under two different pH conditions and developed by a catalyzed reporter deposition method. Gene expression of all ORFs was measured by densitometry. Among the 1,534 ORFs, 53 ORFs were highly expressed (м30% of rRNA control in densitometry ratios). There were 445 ORFs which were stably expressed (<30% of rRNA in densitometry) under both pH conditions without significant variation. A total of 80 ORFs had significantly increased expression levels at low pH, while expressions of 4 ORFs were suppressed under acidic condition. The remaining 952 ORFs were not detectable under either pH condition. These data were highly reproducible and comparable to those obtained by the RNA slot blot method. Our results suggest that microarray can be used in monitoring prokaryotic gene expression in genomic scale.
Helicobacter pylori is the causative agent of chronic superficial gastritis in humans, and the presence of this organism increases risk of development of peptic ulcer disease and adenocarcinoma and mucosa-associated lymphoid tissue lymphoma of the distal stomach (2, 3, 10, 19, 21) . The mechanism of pathogenesis remains largely unknown. The ability to survive under acidic stomach conditions might be one of the virulence mechanisms. Monitoring the response of H. pylori genes during acid stress may be helpful to understand the pathogenesis.
Expression of many bacterial genes is induced in response to environmental stimuli (17) . For technical reasons, only a limited subset of genes could be simultaneously analyzed until recently. Differential display of subsets of mRNA on a sequencing gel allows a broad search for expression differences (11, 15) , but the method has been difficult to standardize. An rRNA subtraction approach has been used to identify differentially expressed genes in Mycobacterium avium (23) ; however, removal of rRNA by subtraction caused loss of mRNA. Chuang et al. (6) have analyzed differentially expressed genes in Escherichia coli by a method based on hybridization to spot overlapping clones. This method required subcloning and subsequent sequencing for the identification of relevant genes.
Recently, a system for monitoring of a large number of gene expressions has been developed in eukaryotes using DNA microarray (5, 23, 24) or oligonucleotide microarray (16, 22, 29) . Labeled cDNA, or in vitro-transcribed mRNA, was hybridized to the high-density probe microarray. Microarrays are able to analyze the expression of hundreds of genes in a single hybridization experiment. DNA array has also been recently adopted for monitoring gene expressions in bacteria. Unfortunately, since bacterial mRNA could not be separated from rRNA, large amounts of total RNAs are needed for probe labeling, and confocal microscopy is usually necessary for result interpretation (8, 28) . A method of "differential expression using customized amplification libraries" that needs only small amounts of total RNA for analysis has been developed (1) . However, the optimal restriction enzyme for cosmid library construction, one that would exclude contamination by all the rRNA clones, was difficult to select. We adopted a catalyzed amplification of reporter deposition (CARD) method to explore the gene expression of H. pylori in genomic scale (5).
MATERIALS AND METHODS
Bacterial strains, growth conditions, and total RNA isolation. An H. pylori strain from a patient with duodenum ulcer at National Taiwan University Hospital, H. pylori NTU-D1, was used for analysis. Columbia agar with 5% sheep blood and antibiotics supplement (GIBCO BRL, Rockville, Md.) were used for culture. The pH value of the medium was titrated by HC1 to pH 7.2 and 5.5, respectively. The bacterial cells were cultured at pH 7.2 and 5.5 at 37°C in a microaerophilic chamber (Don Whitley, West Yorkshire, England) containing 10% CO 2 , 5% O 2 , and 85% N 2 for 48 h. Cells were harvested after 48 h of incubation for total RNA extraction. Bacterial cells were grown to 48 h on Columbia agar plates, collected, washed with Tris-EDTA (TE) buffer (pH 7.4), and pelleted. Cell pellets then were resuspended and lysed in boiled 1% sodium dodecyl sulfate (SDS)-TES buffer (TES is 50 mM Tris-hydrochloride [pH 8.0] 1 mM EDTA, and 50 mM NaCl) for 5 min; then they were subjected to phenol (pH 4.5) extractions at 65°C for 5 min, extracted twice with chloroform-isoamyl alcohol (24:1) solution, precipitated with an equal volume of isopropanol, and stored at Ϫ70°C. These crude RNA fractions typically contained substantial amounts of genomic DNA; therefore, DNA was removed by treating 30 g of RNA with 2 U of RNase-free DNase I (Roche, Mannheim, Germany) at 37°C for 30 min. RNA samples were subjected to phenol-chloroform extraction and isopropanol precipitation, were washed once in 70% ethanol, and were redissolved in diethyl pyrocarbonate-treated water until use. Total RNAs that showed prominent 23S and 16S ribosomal bands were examined by gel electrophoresis, and the A 260 /A 280 ratio obtained by spectrometry was kept within 1.8 to 1.9.
Microarray preparation. PCR products that contained 1,534 predicted open reading frames (ORFs) of H. pylori strain 26695 were kindly provided by Invitrogen (San Diego, Calif.). Fifty-six ORFs-which were less than 100 nucleotides, were untranslated, or for which more than one copy of homologue was foundhave been excluded from the microarray membrane (Table 1) . PCR products were concentrated by evaporation at 95°C to obtain a concentration of 2 to 3 g/l before they were spotted onto a positively charged nylon membrane (Roche). A computer-controlled XYZ translation system (PM500; Newport, Inc., Fountain Valley, Calif.) outfitted with Teflon (Teflon-AF; DuPont, Wilmington, Del.)-coated tool steel pins was used for arraying the PCR products (11) . Samples were held at the tip of the pins for delivery by the action of surface tension, and the delivery volume was governed by the number of elements in an array; arraying tools consisting of 1 pin were used. It took approximately 6 h to print an array consisting of 1,534 ORFs.
Additional 23S rRNA and 16S rRNA genes were amplified and spotted on the membrane for visual detection before scanning.
cDNA probe preparation and microarray hybridization. Total RNAs from two culture conditions, pH 7.2 and 5.5, were isolated separately according to the method described above. A total of 10 g of total RNAs from each condition was used for one labeling reaction during reverse transcription (RT) in the presence of a 12 M concentration of random primers; a 1 mM concentration (each) of dCTP, dATP, and dGTP; 80 M dTTP; 80 M biotin-16-dUTP; ribonuclease inhibitor (0.5 U/l; Roche); 10 mM DDT; and 400 U of moloney murine leukemia virus reverse transcriptase (GIBCO BRL) in 62.5 l of solution. The reaction mixture was incubated at 42°C for 90 min, and the reaction was stopped by heating the mixture to 95°C for 5 min. The RNA was degraded by addition of 6.9 l of 3 M NaOH followed by a 30-min incubation at 50°C. The labeled samples were neutralized by addition of 6.9 l of 3 M acetic acid and then precipitated by addition of 75 l of 3 M sodium acetate (pH 5.2), 20 g of tRNA as carrier (Roche), 562.5 l of isopropanol, and water to make a total of 784.55 l.
The membrane carrying the PCR products targets was prehybridized in 2 ml of hybridization buffer (0.1% N-lauroylsarcosine, 0.1% SDS, 1% blocking reagent [Roche] , and 40 g of herring sperm DNA per l) at 65°C for 2 h before hybridization. cDNA probe was mixed with 50 l of hybridization buffer, and the reaction mixture was sealed with a membrane. The sealed bag was incubated at 95°C for 5 min and then hybridization was performed at 63°C for up to 14 h. The membrane was then washed twice with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1% SDS for 5 min at room temperature followed by three washes with 0.1ϫ SSC containing 0.1% SDS at 65°C for 15 min each.
Colorimetric detection and data analysis. After hybridization and washing, the membrane was blocked by 2 ml of blocking buffer, 1ϫ phosphate-buffered saline (PBS) (GIBCO BRL) containing 0.05% Tween 20 and 7% casein (Sigma, St. Louis, Mo.). Horseradish peroxidase-conjugated streptavidin (GIBCO BRL) was used to detect the spots on the membrane. The membrane was incubated with 2 ml of reaction mixture containing 350-fold horseradish peroxidase-conjugated streptavidin 4% polyethylene glycol 8000 (Sigma), 0.1-fold blocking buffer in bovine serum albumin (BSA) buffer (1ϫ PBS containing 0.05% Tween 20 [GIBCO BRL] and 1% BSA [Sigma]) at room temperature for 1 h. The membrane was then washed 5 min with a washing buffer (1ϫ PBS containing 0.05% Tween 20) four times. The membrane was incubated in a 0.1 M borate buffer (pH 8.5; Serva, Ingelheim, Germany) containing 0.0035% hydroperoxidase and biotinyl-tyramide (15 g/ml) for 15 min without shaking and washed 5 min with a washing buffer four times after incubation. The membrane was then incubated with 2 ml of reaction mixture containing ␤-galactosidase-conjugated streptavidin (2.76 U/ml) (GIBCO BRL), 4% polyethylene glycol 8000 (Sigma), and 0.1ϫ blocking buffer in BSA buffer at room temperature for 1 h and was washed with a washing buffer four times (5 min each). The chromogens were generated by treating the membrane at 37°C for approximately 10 min with 2 ml of X-Gal substrate, which contained 1.2 mM X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) 1 mM MgCl 2 , 3 mM K 3 Fe(CN) 6 , and 3 mM K 4 Fe(CN) 6 in 1ϫ TBS buffer solution (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.3% BSA) The membrane was then briefly rinsed with deionized water, and the color development reactions were stopped by adding 1ϫ PBS containing 20 mM EDTA.
To determine the results from arrays of different density, the membrane was scanned by a PowerLook 3000 scanner (Umax, Hsinchu, Taiwan) with an optical resolution of 3,048 by 3,048 dpi. Densitometry was performed with imaging software (version 1.62; National Institutes of Health, Bethesda, Md.) after magnification (0.46 by 0.46 in. to 12.3 by 12.3 in.) of the scanned images, using 23S or 16S rRNA genes as internal standard.
Slot blots. Ten micrograms of total RNA was analyzed on 1% denaturing agarose gel. The total RNAs were transferred onto a nylon membrane by passive vacuum pressure. Membrane was prehybridized with a hybridization buffer at 55°C for 18 h and hybridized with digoxigenin (DIG)-labeled antisense RNA at 55°C for 18 h. Detection was performed with a DIG Luminescent Detection kit (Roche) according to the manufacturer's instructions.
Semiquantitative PCR. One microgram of total RNA was isolated and reverse transcribed by using the specific antisense primer and moloney murine leukemia virus reverse transcriptase (Ambion, Austin, Tex.) at 37°C for 2 h. Tenfold serial dilutions of cDNA were made, and the end point was determined by negativity of PCR results. PCR was performed with Taq polymerase and a buffer containing 1.75 mM MgCl 2 for 30 cycles of annealing at 55°C for 15 s, denaturing at 94°C for 30 s, and extension at 72°C for 2 min. Primer pair sequences were as follows: for HP1037-f, 5Ј-ATGAAAGGATTAGAAAGAGAATCGC-3Ј; for HP1037-r, 5Ј-CAAAAGCTCAGACCTAGAATTTTTG-3Ј.
Detection limit of the CARD method. An 800-bp fragment of the 23S rRNA gene was first amplified by PCR. After isopropanol precipitation to concentrate the PCR products, the PCR products were spotted onto the nylon membrane (Roche). The PCR products were also subcloned into a pCR2.1 vector by a TA Cloning kit (Invitrogen). Ten micrograms of 23S rRNA was synthesized according to the standard protocols provided in the Maxi in vitro transcription kit (Ambion). The biotin-labeled cDNA probe was obtained through reverse transcription. After quantification of the cDNA probe, 10-fold dilutions were made by following the microarray hybridization protocols mentioned above. The end HP0007  HP0533  HP0009  HP0548  HP0023  HP0610  HP0058  HP0691  HP0143  HP0698  HP0208  HP0705  HP0225  HP0713  HP0269  HP0725  HP0289  HP0738  HP0336  HP0744  HP0341  HP0857  HP0342  HP0903  HP0353  HP0904  HP0359  HP0922  HP0360  HP1007  HP0361  HP1194  HP0381  HP1198  HP0400  HP1280  HP0402  HP1353  HP0429  HP1369  HP0450  HP1417  HP0451  HP1460  HP0453  HP1500  HP0456  HP1522  HP0458  Hp1528  HP0461  HP1536  HP0521  HP1538  HP0527 HP1589
a ORFs that were less than 100 nucleotide in size, that were untranslated, or for which more than one copy of the homologous putative ORF was found were excluded from the microarray. point was determined by negativity of colorimetric development. Primer pair sequences were as follows: for 23SR, 5Ј-GCGTTGAATTGAAGCCCGAG-3Ј; for 23SF, 5Ј-TGTGTGCTACCCAGCGATGC-3Ј.
RESULTS
Expression of H. pylori genes on microarray. To identify genes of H. pylori that were expressed in responses to acid stress, array hybridization signals were compared between RNA from pH 7.2 and 5.5 conditions after standardization with internal rRNA controls (Fig. 1) . Among 1,534 ORFs, 53 ORFs were highly expressed under both growth conditions (defined by a densitometry ratio of м0.3 compared with the 23S rRNA internal standard, including 22 ORFs with 23S rRNA ratios of Ͼ1.0 and 31 ORFs with ratios between 0.3 and 1.0) ( Table 2 ). There were 445 ORFs that were detectable under both pH conditions (with 23S rRNA ratios of Ͻ0.3), and the variations of those ORFs between the two growth conditions were not significant (data not shown). There were 80 ORFs that had significantly increased (defined as greater-thanfivefold increase of mean densitometry) expression levels at pH 5.5 (Table 3 ). These 80 ORFs were divided into three groups: (i) 16 ORFs that were reported to be involved in acidic stress response, (ii) 21 ORFs that had no database match, and (iii) 43 ORFs homologous to previously reported sequences but not reported to be related to acidic stress response. In contrast, only four ORFs had decreased (defined as greater-thanfivefold decrease of mean densitometry) expression levels during acidic stress (Table 3) . The remaining 952 genes were not detectable under either pH condition.
Comparison of expression levels in slot blotting and microarray. To confirm the expression level in microarray, six ORFs were randomly selected for fluorescence-labeled slot hybridization. Those ORFs included (i) HP0632, which encodes the enzyme quinone-reactive Ni-Fe hydrogenase; (ii) HP0110, which encodes a cochaperone and heat shock protein; (iii) HP1263, which encodes a homologue of the NADH-ubiquinone oxidoreductase NQO4 subunit, (iv) HP0830, which encodes the GlutRNA amidotransferase A subunit; (v) HP0232, which encodes a secreted protein involved in flagellar motility; and (vi) HP1037, which encodes a conserved hypothetical protein. The results of slot blotting were quantified by using NIH Image 1.62 software to evaluate rRNA levels, and the ratios are shown in Table 4 . Expression levels of the six ORFs obtained in the slot blot assay correlated well with those obtained by microarray ( Fig. 2 and Table 4 ).
Detection and evaluation of HP1037 mRNA expression by semiquantitative RT-PCR. Because HP1037 was detectable by microarray at pH 7.2 but not by slot blotting (Table 4) , a semiquantitative RT-PCR assay was done by 10-fold serial dilution of cDNA. At pH 7.2, there were 5 ϫ 10 9 copies of HP1037 mRNA and there were 10 11 copies of HP1037 mRNA at pH 5.5 as estimated by this method (Fig. 3) . Therefore, the sensitivity of the CARD method should be less than 5 ϫ 10 9 copies. Detection limit of CARD method. To determine the sensitivity of the CARD method, 23S rRNA was transcribed in vitro and then biotin-labeled cDNA probe was obtained through RT. CARD was done by 10-fold dilution of cDNA probe. The 23S rRNA gene could be detected by probes from 50 pg but not by those from 5 pg of rRNA. Therefore, it was estimated that the limitation of the CARD method was 10 8 copies of mRNA/10 g of rRNA.
Variations of each ORF in microarray results. To estimate the reproducibility of the RNA expression detected on microarray, the variations of densitometry value of each gene under the same pH condition and on different membranes were compared. In four experiments at pH 7.2, 554 ORFs were detected by microarray. Of these 554 ORFs, the variations of densitom- 
DISCUSSION
The densitometry values obtained by the microarray in up to four experiments at pH 7.2 and three experiments at pH 5.5 were evaluated. All the expression levels varied less than 40% by densitometry, and for 80% of them the variations were within 20% by densitometry. In our data, slot blot hybridization using a DIG labeling detection method correlated well with results by the CARD method on microarray (Fig. 2 and Table 4 ). However, the CARD method seemed to be slightly more sensitive than the slot blot method, since we observed one ORF (HP1037) detected by microarray but undetectable by slot blotting. Semiquantification by cDNA dilution and PCR confirmed that the sensitivity of microarray should be less than 10 9 copies of mRNA in each hybridization. The limitation of the CARD method by in vitro-transcribed 23S rRNA reached approximately 10 8 copies/10 g of RNA, which was in agreement with the semiquantitative RT-PCR (Fig. 4) . The CARD method was slightly less sensitive, but its sensitivity was close to that of the laser-induced fluorescence method, which reached approximated 6 ϫ 10 7 copies in each hybridization (4, 7). However, in colorimetric methods, the patterns of gene expression can be visually observed, and the DNA on the membrane can be identified by this method. The colorimetric method took 24 h in each hybridization. Laser-induced fluorescence detection is faster than the colorimetric method since no enzyme incubation period is needed. However, the costs of an imaging system based on either laser-induced fluorescence emission or phosphorescence from ␤-particle emission is higher than those of the colorimetric method.
There were 53 ORFs that were highly expressed under both neutral and acidic conditions ( Table 2 ). This implicated the fact that these genes have important or essential functions in bacteriological physiology. For example, with HP0601, flaA, which encodes a major flagellin, was found to be highly expressed at either pH 7.2 or 5.5, and this gene has been shown to be essential for H. pylori motility and colonization (9, 13) . It allows the bacteria to spread through the viscous mucus covering the epithelial cells of the gastric mucosa (9, 13).
There were 445 ORFs that were stably expressed (the densitometry ratios were less than 0.3 compared to 23S rRNA as an internal control, and the variations of these genes under two pH conditions were not significant). These genes were probably also needed to maintain the basic physiology in H. pylori. However, one of them, the ureI gene, has been reported to be involved in an H ϩ -gated urea channel regulating cytoplasmic urease activity (27) . The gene is essential for gastric survival and colonization and will increase its protein level approximately 100-fold during acid stress (27) . The fact that the mRNA level of ureI did not significantly increase as shown by our microarray detection suggested that the regulation of this gene could be at the posttranscriptional level. CagA protein expression has been reported to increase twofold under low pH conditions, indicating that cagA plays a role in acidic adaptation of H. pylori under particular circumstances (14) . In our results, the mRNA expression of cagA was increased approximately 1.4-fold under acidic conditions. However, it did not increase fivefold, which was our cutoff point. There were 952 ORFs that remained undetectable for any signal in microarray. Why these ORFs were undetectable could be due to one of the Putative gene product (gene)
a Among of 1,534 ORFs, 53 ORFs were highly expressed (i.e., had a densitometry ratio of Ͼ0.3 compared to the internal standard [23S rRNA]), including 22 ORFs that were very highly expressed (ratio Ͼ 1.0) and 31 ORFs with densitometry ratios between 0.3 and 1.0.
b The expression level is shown as the mean densitometry ratio of each ORF to 23S rRNA.
c The 23S rRNA gene was used as an internal control. following reasons. (i) The expression levels of these genes might be lower than the detection limit of the CARD method, or these ORFs might be expressed only under specific conditions.
(ii) Some of these ORFs might not represent true genes with transcripts. There are 80 ORFs that increased their expression levels significantly during acid stress (Table 3) . We divided them into three groups. (i) Those reported to be involved in acidic stress response constituted the first group. For example, Omp11, encoded by HP0472, is a member of the proton-translocating ATPase family. Omp11 plays a role in pH regulation by extruding protons from the cytoplasm. This is in agreement with its functions, which were involved in importing divalent cation and eliminating toxic metals (18) . Furthermore, arginase, encoded by HP1399, is orthologous to the product of Baccillus subtilis rocF gene. It is involved in urea cycle regulation and crucial for acid protection in vitro since the rocF mutant was 1,000-fold more sensitive to acid exposure (20) . Regulation of the iron uptake system is another important feature related to the survival of the bacteria under extremely acidic conditions (18) . HP1562, which encodes an iron(III) ATP-binding cassette (ABC) transporter, an important protein for the ferric siderophore enterochelin uptake. (ii) Those without database match constituted the second group. (iii) Those homologous to reported sequences not related to acidic stress response constituted the third group. For example, HP0632, which encodes quinone-reactive Ni-Fe dehydrogenase, was an important protein in respiratory electron-generating dehygrogenase for metabolic energy generation. Bacterial respiratory chains have a modular character, comprising dehydrogenase complexes, quinone pools, and terminal oxidoreductases. This enzyme's bioenergic functions include generation of proton motive force, maintenance of intracellular redox balance, and control of dioxygen concentration. Thus, this regulation system could help bacteria respond to and survive acidic environmental changes. Although the functions of these ORFs and their roles in acid regulation of H. pylori remain unknown, our results could give a direction for future studies.
Four ORFs had decreased expression levels during acid stress (Table 3) . Two of them, HP1271 and HP1272, encode NADH-ubiquinone oxidoreductase, which is involved in NADH-quinone oxidoreductase respiratory chain complex- 1   FIG. 2 . Slot blot hybridization of RNA isolated from H. pylori cells grown at pH 7.2 and 5.5. Probes were either the cloned 23S H. pylori rRNA gene or the pCRII insert (H. pylori ORFs). The amount of RNA used for all conditions was standardized at 10 g per slot. The expressions of these ORFs were much greater at acidic pHs than at pH 7.2. 23S, H. pylori 23S rRNA, 5.5, total RNA isolated from growth condition at pH 5.5, 7.2, total RNA isolated from growth condition at pH 7.2; ORF, probes that were used for hybridization. (10) . In others related genes of NDH-1 synthesis, such as HP1260 to HP1263 and HP1266 to HP1270 the fact that suppression cannot be detected under acidic conditions may be due to the tiny amount of its expression levels. The remaining two ORFs without database match, HP0918 and HP0947, await further studies. In summary, we have monitored H. pylori gene expression at the genomic level by a microarray and a CARD method. Expressions of 952 ORFs are undetectable at both pH 7.2 and 5.5. There are 498 ORFs stably expressed under both pH conditions without significant variation, 80 ORFs whose expression levels significantly increase under acidic conditions, and four ORFs that are suppressed by acidic conditions. Under the same pH conditions, expression levels of all detectable ORFs varied less than 40% in different hybridization experiments. The expression levels obtained by microarray correlate well with those obtained by slot blotting. The detection limit of the CARD method reached 10 8 copies in each hybridization. Therefore, this method can be used for genomic-scale detection of prokaryotic gene expressions. FIG. 4 . Determination of detection limit of CARD method. To determine the detection limit of the CARD method, spotted 23S rRNA genes in the array membrane were hybridized with in an vitro-transcribed 23S rRNA fragment. Biotin-cDNA probe was synthesized during the RT reaction. Tenfold dilutions of cDNA probes from 1 g of rRNA were made according to CARD protocols. The limit of CARD was determined to be 50 pg, which corresponds to approximately 10 8 copies of 23S rRNA. b Expression levels were calculated as mean ORF/23S rRNA ratios.
